We demonstrate that the high-capacity organic electrode material, p-benzoquinone, is able 6 to sustain ultrahigh redox reaction rates without any conductive additives when applied as ultrathin layers 7
INTRODUCTION 19
Organic Li-ion battery electrode materials such as quinones have gained interest due to their low-cost, 20 abundant and environmentally benign constituents, and high specific capacity, but in bulk form their poor 21 electronic conductivity significantly hinders the rate performance.
1,2
Enhanced redox kinetics have been 22 achieved with surface functionalization of carbonaceous and conductive polymer substrates with quinone 23 moieties for both battery 3, 4 and supercapacitor applications, [5] [6] [7] but only at the cost of a significantly 24 reduced energy density. Thin films can be seen as an intermediate between the conventional bulk and the 25 surface-functionalized materials, and thus as a promising platform to fuse some of the benefits from the 26 two extremes. 27 2 For an organic n-type cathode material, the quinone family provides the most prominent candidates. 28
Quinones can undergo a two-step reduction by enolization of the carbonyl groups with a semiquinone 29 radical intermediate product ( Figure 1a ). The dianion is stabilized by charge delocalization within the 30 conjugated system, and the negative charge is balanced by ion-coordination to cations such as Li + . The 31 simplest member of the quinone family is p-benzoquinone (BQ). With its theoretical maximum capacity 32 of 496 mAh/g and the relatively high redox potential of 2.8 V vs. Li/Li + , BQ also ranks high regarding 33 the electrochemical performance. However, its high solubility in liquid electrolytes practically prevents 34 its use in conventional wet-cell Li-ion batteries. 8, 9 Obviously, in an all-solid-state thin film setup the 35 dissolution issue is completely avoided. 36
Recently, we demonstrated that high-quality Li-organic thin films can be deposited using the 37 combined atomic/molecular layer deposition (ALD/MLD) technique; our pioneering work moreover 38 revealed excellent electrochemical performance for the lithium terephthalate anode material. 10 A major 39 difficulty in using the quinones as cathode materials in a Li-ion battery is that they do not contain lithium 40 in their neutral form. Here we demonstrate that the ALD/MLD approach is commendably suited for the 41 in-situ deposition of the lithiated, dianionic (i.e. discharged) form of BQ by deprotonating the 42 hydroquinone (HQ) organic precursor molecules with lithium bis(trimethylsilyl)amide (LiHMDS) used 43 as the source of lithium; in this process hexamethyldisilazane is released as the volatile by-product 44 (Figure 1b) . The surface saturation limited layer-by-layer process yields high-quality thin films of 45 dilithium-1,4-benzenediolate (Li2Q) with nanometer-scale thickness control.
46
Also importantly, the recent progress in ALD of solid electrolyte materials and in particular lithium 47 phosphorous oxynitride (LiPON) 12, 13 has enabled the manufacturing of all-solid-state thin-film batteries 48 with sub-100-nm thick electrolyte layers; 14, 15 this is the key requirement in high-power applications. 49
Now, in the present work we demonstrate that combining the LiHMDS-HQ process for Li2Q with our 50 previously reported ALD LiPON process, 12 we are able to manufacture all-solid-state thin-film batteries 51 with an organic cathode material without relying on an external lithium source in the cell setup. For the 52 negative electrode, the cells rely on the in-situ formed metallic Li -a concept earlier introduced by 53
Neudecker et al. 16 for an inorganic thin-film battery. Namely, during the first charge of the cell, a layer 54 of Li forms on the Cu negative current collector, which is then consumed on the discharge. Despite the 55 insulating nature of quinone molecules, the thin-film approach allows for the use of extremely high C-56 rates up to 6500. In addition, by using our previously reported ALD/MLD-fabricated lithium 57 terephthalate as the negative electrode, we demonstrate an all-organic solid-state thin-film battery 58 capable of extended charge-discharge cycling. 
EXPERIMENTAL 63
The cell manufacturing was carried out in three phases. First, 300 mm Si wafers were coated with 500 64 ALD cycles (~23 nm) of Pt using (methylcyclopentadienyl)trimethylplatinum and oxygen as reported 65
elsewhere.
17
The Pt depositions were carried out with a Picosun R-200 Advanced ALD-reactor. The 66 wafers were then cut into 3x3 cm 2 pieces, and the Li2Q and LiPON layers were deposited on top of the 67 Pt layer in succession without breaking the vacuum in between. These depositions were carried out in an 68 F-120 flow-type hot-wall ALD reactor (ASM Microchemistry Ltd.) using our previously reported 69 ALD/MLD processes.
11,12
In short, the Li2Q layers were deposited using LiHMDS (97 %, Sigma-70 Aldrich) and hydroquinone (HQ, >99 %, Sigma-Aldrich) as the precursors. The deposition temperature 71 was 160 °C with pulse/purge times of 2 s/2s and 10 s/20 s for LiHMDS and HQ, respectively. The LiPON 72 layer was deposited at 300 °C using LiHMDS and diethyl phosphoramidate (DEPA) as the precursors 73 with pulse/purge times of 2 s/2 s for both precursors. For sufficient volatility, LiHMDS, HQ and DEPA 74 were heated to 60, 95 and 85 °C, respectively. 75
With each sample, two reference substrates (Si(100) and Pt) were simultaneously coated for the sake 76 of characterization. The Si reference substrate was required as in scanning electron microscopy (SEM) 77 The electrochemical measurements were carried out using an Autolab PGSTAT302N 96 potentiostat/galvanostat. Given the limited cycle life of the in-situ anode design, a pristine cell was used 97 for each measurement (i.e. for each scan rate/current density). The contact to the top electrode was made 98 using a self-made spring-loaded Pt wire. 99 100
RESULTS AND DISCUSSION 101
The structure of our Li2Q/LiPON/Cu cells deposited on platinum is schematically shown in Figure 2 Unfortunately, we were not able to directly observe the decomposition products but 151 our observations for the electrochemical behavior of the cells are consistent with the aforementioned 152 interpretation. The decomposition is expected to be self-limiting due the formation of an inert SEI layer. 153
Indeed, the excess capacity occurs only on the first charge, after which the cell capacity is relatively 154 constant for the next cycles. Thus, judging from the values of QOx,peak and the voltage plateau in the 155 constant current measurement, we conclude that during the oxidation both the Li + ions of each quinone 156 7 molecule are involved. Whether the process is fully reversible, cannot be conclusively established using 157 the present method as the in-situ formed Li anode is known to instill capacity loss during cycling. 16 Also 158 in this study, post-mortem analysis of the cells using SEM revealed that upon cycling, the in-situ formed 159
Li layer penetrates into the Cu current collectors leaving behind deposits presumably of LiOH or Li2O. 160
In previous works the formation of such deposits has been attributed to reaction with O2/H2O traces 161 present in the glove box atmosphere. We found that the amount of the deposits depends on the current 162 rate and the number of charge/discharge cycles, which is in line with the electrochemical measurement 163 data ( Figure S5(a)-(c) ). 164
The full capacity is achieved only for the thinnest electrode layers. As shown in Figure 3a , at a scan 165 rate (ν) of 2 mV/s the capacity follows the theoretical line only up to 10-nm thick Li2Q layers. Figure S5(b) ). The restricted cell 170 capacity is not affected by the electrolyte layer thickness; increasing the thickness up to 90 nm increases 171 the ohmic loss as is seen in the symmetric increase in the peak separation and peak broadening typical 172 for an increased cell resistance (Supplementary Figure S6) . The redox peak area however stays constant. 173
The same effect is observed also in the constant current charge/discharge curves, where at a current 174 density of 2 µA/cm 2 the capacity increases linearly only up to the 10-nm layer thickness and plateauing 175 at 15 nm (Supplementary Figure S7) . When the current density is increased to 20 µA/cm 2 , the difference 176 in cell polarization between the 15 nm and 30 nm samples becomes apparent (Supplementary Figure S8) . 177 Similar saturation of capacity has previously been observed for other quinone and nitroxide radical 178 containing thin films. Instead, a linear dependency of ip 230 versus ν is also a fundamental property of molecular surface layers.
27
For surface films beyond a 231 monolayer thickness, the surface-like dependency may persist depending on the efficiency of the charge 232 carrier transport inside the film, and also the film thickness.
28
Considering the insulating nature of Li2Q, 233 a possible explanation could be that the charge propagates through electron self-exchange of adjacent 234 quinone molecules as has previously been observed for organic radical polymer layers. Figure S14(a) ). An additional component is seen in the Bode plots at 260 end-of-life conditions ( Figure S14(b) ). However, given the two-electrode setup, its origin cannot 261 conclusively be discerned. To complement the EIS measurements, post-mortem SEM analysis of the 262 aged cells was also performed (Figures S4(d-f) ). Significant amounts of deposits were observed on the 263 anode current collector surface. In addition, the current collector itself was found to degrade, as cracking 264 of the surface and erosion of the edges were clearly visible. Thus, the poor cycle life seems to stem from 265 loss of lithium and degradation/delamination of the negative electrode current collector. In contrary, with 266
Li2TP as the anode the cell performs more evenly retaining ~74 % of the initial capacity over 100 267 charge/discharge cycles. The improved performance further suggest that the poor cycle life of the Li and 268
Ge cells is due to the negative electrode. Here we should stress that the present cell designs were rather 269 primitive. For instance, with proper protective layers, cycle life of above 1000 charge/discharge cycles 270 has been achieved with an in-situ plated Li anode with sputtered LiCoO2 cathode and LiPON solid 271 electrolyte. 
CONCLUSIONS 282
We have presented ultrathin quinone thin films as an exciting cathode material for the all-solid-state thin-283 film Li-ion battery. Atomic/molecular layer deposition allows the fabrication of these films with a high 284 precision and with the remarkable advantage that the cathode can be prepared in the lithiated form, thus 285 simplifying the scheme, as the cells do not require any post-deposition lithiation treatments. Moreover, 286 our organic all-solid-state cells are fully functional without any conductive additives; this fact could be 287 of great benefit in fundamental studies on e.g. the redox kinetics. Most impressively, the work has 288 demonstrated that nanoscaling is indeed the access to the extremely high redox reaction rate of quinones 289 that further benefit from the ultra-thin solid electrolyte layer made possible by the ALD approach. Even 290 though the cycle life of the current devices leaves much to improve on, we believe that the concept 291 presented could be an important step towards devices merging the energy density of batteries with the 292 power density of supercapacitors. 293 294
